We used an antibody to rat Clara cell 10 KD secretory protein (CC10) to compare the abundance of CClO in nonciliated epithelium of bronchioles and bronchi by immunohistochemistryandlaserscanningconfocalmimicroscopy(T.SCM) in the reflectance mode. Three zones of reflectance intensity (high, medium, low), directly related to CClO content, were used to distinguish subcellular compartments of m e ring densities. Two major compartments contained CC10: granules and endoplasmic reticulum. Bronchiolar cell granules had relatively even reflectance, a high CClO concentration (0.92 mglml), and occupied 7.5% of the cell volume. Bronchial cell granules were bi-zonal, lower in CClO concentration (0.83 mglml), and occupied less cell volume (2.3%). Low-reflecting endoplasmic reticulum occupied a greater cell volume in bronchioles than in bronchi (32.8% and 22.1%, tespectively). An intermediate-density zone con-
Introduction
Among the functions ascribed to non-ciliated epithelial (Clara) cells of distal pulmonary conducting airways are the biosynthesis, storage, and release of secretory products into the airway lumen (1, 2) . Recently, attention has focused on one protein in particular, Clara cell 10 KD protein (CClO). CClO contains 70-77 amino acids depending on the species (3-5) and was first observed in rabbits (6). Bedetti et al. (7) presented immunocytochemical evidence that CC10 exists in secretory granules and is secreted into airways. Incubation of isolated rabbit Clara cells with [35S]-methionine or a mixture of i4C-amino acids indicated that CClO is the major radiolabeled Supported in part by the California Tobacco-related Research Program, NIH grant HL 15965 (RBR), and NIH grant ES 00628 (CGP). U.C.
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Correspondence to: Charles G. Plopper, Dept. of Anatomy and Cell Biology, School of Veterinary Medicine, Univ. of California, Davis, CA 95616. lary 16, 1993; accepted February 24, 1993 . sisted of endoplasmic reticulum dose to granules. CClO abundance, expressed as ng stored per unit surface area of epithelial basal lamina, was more than three times greater in bronchioles than in proximal bronchi (1.50 nglmm* vs 0.42 ng/mm2). These data demonstrate that the process of protein synthesized and released (8,9). Ultrastructural immunocytochemical localization of rabbit CClO with colloidal gold resulted in labeling over osmiophilic secretory granules of Clara cells as well as smooth endoplasmic reticulum (8). Furthermore, CClO has now been characterized from Clara cells of rats and humans (3,4,10).
Recently, CClO has been detected in non-ciliated cells of larger, more proximal bronchial airways of rats (11) . In this region the predominant non-ciliated cell type is considered to be a serous cell (12) , which suggests that CClO exists in non-ciliated cells other than bronchiolar non-ciliated cells. However, there are conflicting reports as to how far Clara cells extend proximally from the bronchioles. On the basis of surface characteristics determined by scanning electron microscopy, Sauma (13) reported that Clara cells extend only a few airway generations proximal from the terminal airways, whereas J&ery and Reid (12) found Clara cells as far proximal as the hilum in their electron microscopic study. Serous cells have been defined as a distinct non-ciliated cell type on the basis of their ultrastructural and histochemical features (12, 14) . Rat serous cells contain abundant granular endoplasmic reticulum (GER), little or no agranular endoplasmic reticulum (AER), and neutral glycoproteins in their electron-dense granules. In contrast, rat Clara cells contain abundant AER and only small amounts of GER. Their granules are electron dense but contain little or no neutral glycoproteins. Moreover, a third type of non-ciliated cell has also been described (12, 14) . These cells are characterized by large, mostly electron-lucent granules that almost completely fill the cytoplasm. These so-called mucous or goblet cells constitute no more than 1% of the epithelial cell population in proximal bronchi in the rat. In primates, studies have shown that the amount and type of secretory products found in mucous-cell granules vary by airway level (15J6). Whether this is true for secretory products in non-ciliated cells of rats at various airway levels is not known.
Since CClO may exist in bronchial non-ciliated cells other than Clara cells, we believe that a more complete understanding of CClO function could be obtained by comparing differences in CClO distribution and abundance in non-ciliated cells. Despite the interest in defining the role of CC10 (17, 18) , definition of the subcellular concentration and abundance of this protein in Clara cells has not been established. With the advent of laser scanning confocal microscopy (LSCM), however, the potential exists for quantifying antigenic proteins detectable by normal immunohistochemical methods. The utility of LSCM for quantifying antigen receptor binding in the fluorescence mode has recently been demonstrated by Good et al. (19) . In this study we used an antibody against rat CC10 in conjunction with LSCM in the reflectance mode to address the following objectives: (a) to develop a computer-assisted approach for determining relative abundance and concentration of CClO in compartments of nonciliated secretory cells; and (b) to compare distribution and abundance of CC10 in secretory cells at two airway levels, terminal bronchiole and proximal intrapulmonary bronchus.
Materials and Methods
Animals and Tissue Preparation. Six pathogen-free male Sprague-Dawley rats (250 g each) were sacrificed with an IP overdose of sodium pentobarbital. The left lung lobe was removed, the lobar bronchus cannulated, and the lung fixed by airway infusion with 300 mOsm Karnovsky's fixative in 0.085 M cacodylate buffer (pH 7.2) at 30 cm HzO pressure (20) . After 1 hr the bronchus was ligated and stored in fresh fixative until embedding. Transverse sections 2-3 mm thick were cut approximately at the level of the lobar bronchus and rinsed overnight in PBS (pH 7.2). The tissues were dehydrated in a graded series of ethanol and infiltrated overnight in two changes of unpolymerized glycol methacrylate (Polysciences; Warrington, PA). The tissues were then embedded in glycol methacrylate. CC10 Isolation, Purifcation, and Preparation of CClO Standards. CClO was isolated by a method similar to that of Gupta et al. (18) . The final steps in isolation involved ultrafiltration, acid precipitation of contaminat-ing proteins with HC104, and gel permeation chromatography. Purity was assessed by polyacrylamide gel electrophoresis (21) . CClO was further characterized and the concentration determined by amino acid analysis.
Various amounts of CClO were then lyophilized and rehydrated in 25 RI distilled water. This solution was added to 25 pI of 20% gelatin solution, drawn into a disposable pipette tip, and allowed to solidify at room temperature. The pipette tips were then sliced into four or five sections and the gelatin discs removed. The gelatin discs were fixed, dehydrated, and embedded in the same manner as the lung tissue. The discs shrank to about two thirds of their original diameter during dehydration. The lung tissue also shrank by a similar amount. The discs, which contained known concentrations of CClO (0.10, 0.25, 0.50, 0.75, 1, and 2 mglml), served as standards. A JB-4 microtome was used to cut 2 pm sections from the embedded lung pieces and CClO standards. CC10 standards were placed on each slide with a lung section, providing a true internal standard. A standard curve could therefore be generated for each lung section. A preliminary study indicated that fixatives containing a higher concentration of glutaraldehyde caused dampening of the peroxidase signal, probably because of aldehyde-mediated masking of epitopes. Therefore, we should emphasize that the standards must be processed in a manner identical to that of the tissue.
Immunocytochemistry. Rabbit antiserum specific for rat CC10 was prepared as described elsewhere (11) . Assessment of CClO in Western blots indicated that the antibody preparation reacted equally well with all three isoforms of rat CClO (22) . The avidin-biotin-peroxidase method was used to detect binding of the primary antibody. The reagents were obtained in kit form (Vector Laboratories; Burlingame, CA.) and, except for minor modifications, were used according to the manufacturer's protocol. To facilitate immune complex formation, slides were placed in a 0.05% periodic acid solution for 20 min, then washed two times (10 min each) in PBS buffer. The slides were then exposed to a solution of protease VI (0.5 mglml) for 15 min and washed two times in PBS buffer. To block endogenous peroxidase, slides were placed in 3% H202 for 25 min. Then, to block nonspecific binding, the slides were incubated with 20% goat serum for 20 min. Excess goat serum was removed and the sections were incubated with primary antibody (rabbit anti-rat CC10. 3.3 x IO-* dilution) overnight. The sections were then incubated with biotinylated anti-Ig (goat anti-rabbit) for 30 min, followed by avidin-biotin-HRP for another 30 min. Diaminobenzidine (DAB) was used as the substrate to visualize the immune complex. The slides were then rinsed, dried, and coverslipped.
Penetration of components of the immunocytochemical procedure into glycol methacrylate was found to be negligible. Only the antigen exposed at the surface was available for immune complex formation. This was determined by examining 2-pm thick embedded lung sections that contained tissue not exposed at the surface of the resin. After immunocytochemistry, no reflection under the LSCM could be seen over these areas.
Laser Scanning Confocal Microscopy. A Bio-Rad MRC600 laser scanning confocal system (Bio-Rad Microscience; Cambridge, MA) mounted on an Olympus BH-2-RFCA microscope was used. Data were collected in the reflectance mode with the aperture opened at one third maximum. Small adjustments in black level and electronic gain were made between slides so that the most highly reflecting subcellular compartments were not above the maximal pixel intensity of 255. Both a transmission and a confocal image were generated simultaneously on a split screen and the images stored on hard discs for later analvsis.
Cell Selection Criteria and Analysis. Terminal and proximal airways mre mapped by scanning the entire section with the x 10 objective. Only terminal airways with an obvious terminal bronchiolelalveolar duct junction were used for closer examination of non-ciliated cells. images of 20 nonciliated cells from each airway level were generated for the study. Bronchial cell images originated from between the second-and fifth-generation airway of the major daughter. A minimum of two terminal airways was evaluated from each animal.
Using a x 100 oil-immersion objective, we collected images of nonciliated cells that met the following criteria: bronchial cells must have had contact with both basal lamina and airway lumen and must have exhibited a nuclear profile, and bronchiolar cells had the additional requirement of possessing an apical dome protruding into the luminal space. Beginning at the terminal bronchiole/alveolar duct junction, images of non-ciliated cells were generated working proximally along the epithelial layer. Each captured image contained an individual cell profile to be evaluated. A maximum of 10-12 cells was recorded from each terminal airway. For the proximal intrapulmonary bronchus, non-ciliated cell images were collected starting on the side of the airway opposite the hilum. Working counterclockwise, cells were recorded until 20 were collected. The number of granules in each imaged cell profile was also recorded.
The total area of the cell profile, in pixel units, was determined by tracing the perimeter of the cell using NIH Image 1.22~ software on a Macintosh IIx microcomputer. Three zones of reflectance intensity were established that corresponded to CC10 density and that together covered the entire pixel intensity range from 1 to 255: the low-intensity zone (1-54) indicated a low density of CC10, the medium-intensity zone (55-122) indicated a medium density of CC10, and the high-intensity zone (123-255) indicated a high density of CC10. Figure 1A is a transmitted-light image of a single non-ciliated cell from a terminal bronchiole. Figure 1B is the ISCM image of the same field and shows the staining pattern for CC10 in subcellular compartments. Figure 1C is the computer-assisted image of the same non-ciliated cell displaying CClO intensity patterns corresponding to the three intensity zones. The red regions (high-intensity zone) were composed almost entirely of ovoid or spherical structures. The green regions (medium-intensity zone) included portions of some weakly stained ovoid structures. Dense areas of reticular formations, particularly in the vicinity of groups of closely spaced ovoid structures, fell within this zone, as did portions of the nuclear rim. The yellow regions (low-intensity zone) included the reticular formations and a rim around the nucleus. Figure 1D is a more detailed computer-assisted image exhibiting the CClO intensity gradient within the same cell. Using the threshold setting ofthe Image 1 . 2 2~ program, we recorded the average pixel intensity and total number of pixels for each zone. The cell volume occupied by each zone was then determined for every cell by dividing the total pixel units for each intensity zone by the total pixel units per cell profile.
The average intensity per zone was converted to a specific CC10 concentration based on the standards. The entire range of pixel intensity was utilized to arrive at an average pixel intensity per profile. Examination of the CClO density in the standards revealed even distribution of the antigen except on the perimeter of the disc, where the density appeared to be much greater. Measurements did not include the perimeter where the main shrinkage appeared to have occurred. Five image profiles (one profile from each quadrant plus one from the center) were recorded for each protein concentration. The five averaged pixel intensity profiles were then pooled to produce the average pixel intensity per CClO concentration. CClO concentrations ranged from 0.10-2 mglml. Pixel intensity and CC10 concentration values were plotted and linear regression performed to produce the standard curve (Figure 2) . The curves were linear from 0.10 to 1 mglml and were consistent from slide to slide. Taken together, the five image profiles included approximately 10-20% of the total area profile per CC10 concentration.
Rarely, local concentrations of CC10 in granules, the most highly reflecting compartment, were beyond the linear range of the standard curve (1 mg/ml). However, this seldom occurred compared to the large number of granules examined and was of minor concern. Even so, this method should not be viewed as "absolutely quantitative."
Morphometry. Two fields of epithelium from two terminal bronchioles were collected from each animal. The width of a field was 80 Nm. A total of four fields was collected from proximal bronchi of each animal. Epithelial fields were imaged from the same airways used for collecting individual cell images for CC10 quantitation. Techniques developed to arrive at volume-to-surface measurements were based on methods by Hyde et al. (23). A cycloid grid was placed over a captured image so that its vertical axis was perpendicular to the epithelial basal lamina, and point "hits" were counted on all epithelial cells while intersections of the epithelial basal lamina were recorded on the same fields. Epithelial cells were divided into two categories: ciliated and nonciliated cells. 
Results
By transmitted light microscopy, terminal bronchioles incubated with the anti-CC10 antibody contained many immunoreactive nonciliated cells ( Figure 3A ). Alveolar Type I and I1 cells were negative for CClO. The LSCM image of the same terminal bronchiole produced intense reflectance over cells that were CClO positive (compare Figure 3B with Figure 3A ). Reflectance was absent in cells distal to the terminal bronchiole.
At higher magnification, the darkest staining within the nonciliated cells occurred over ovoid to irregular structures that were apically oriented and varied in size ( Figure 3C ). Many of these structures, which we interpreted to be granules, appeared just below the apical cell membrane adjacent to the lumen. Reaction product could also be detected throughout the cell cytoplasm but not in the nucleus. The other epithelial cell type in the terminal bronchioles, the ciliated cell, was non-reactive. The LSCM image of the same non-ciliated cells illustrates the subcellular compartments found to be immunoreactive for CClO ( Figure 3D ). The apically oriented ovoid structures or granules reflected with great intensity, indicating a high density or concentration of CClO. In most cases, at least part of the nuclear rim was also positive for CClO, whereas the nucleus itself was conspicuous due to its lack of reflectance. The cell cytoplasm, especially apical to the nucleus and surrounding the granules, also produced reflectance signals in rather unorganized reticular formations. The density of these formations was generally much weaker than the density of the granules. In many non-ciliated cells, a reflectance gradient increased from the base towards the apical dome. An occasional granule appearing below the nucleus was usually less dense than the apically oriented ones. Non-ciliated cells from lung sections that were incubated with normal rabbit serum were negative ( Figure 3E ). Likewise, these cells did not produce a reflectance signal under LSCM ( Figure 3F ).
Many epithelial cells of the proximal bronchus were also immunoreactive to C O , as shown in the transmitted light and LSCM images of the same bronchus ( Figures 4A and 4B ). Higher magnification of the bronchial epithelium by transmitted light revealed that only non-ciliated cells appeared to be the site of localization for CC10 ( Figures 4C and 4E ). This observation was confirmed by comparing the corresponding LSCM images of the same cells ( Figures  4D and 4F) . The bronchial non-ciliated cells also contained granules, but most appeared to be less reflective than the bronchiolar non-ciliated cell granules ( Figure 3D ). In fact, these formations appeared to be bi-zonal with respect to CClO density in most bronchial non-ciliated cells ( Figure 4D ). Portions of the granules were highly reflective, whereas other parts contained little or no CClO. A subpopulation of non-ciliated cells also existed in the bronchi with CClO densities similar to those of the average terminal airway non-ciliated cell. Figures 4E and 4F are the transmitted light and LSCM images, respectively, of a bronchial non-ciliated cell that contains granules with CClO distribution and density similar to that of distal airway non-ciliated cells (Figure 3 ). As shown in Figures  4D and 4F , in most cases the reflectance signal from the reticular formations was not as extensive as that seen in terminal bronchiolar non-ciliated cells. Cells that resembled mucous or goblet cells, which were filled with large circular structures, were seen infrequently in the proximal bronchi. Unlike the other non-ciliated cell types in this region, these cells did not appear to be positive for CClO ( Figure 5A ). Likewise, no reflectance was seen from these cells by LSCM ( Figure 5B) . Table 1 compares CClO abundance in non-ciliated cells from terminal bronchioles and proximal bronchi. In the high-density CClO zone, the average CClO concentration and the cell volume occupied by this zone were significantly greater in terminal bronchiolar non-ciliated cells. This zone was composed specifically of the granules. The percentage of cell volume occupied by the highdensity zone was three times greater in bronchiolar non-ciliated cells than in bronchial non-ciliated cells. The number of granules per cell profile was also statistically greater for bronchiolar nonciliated cells. This finding correlates well with the volume of the high-density zone, which essentially measures the same cell compartment. In the medium-density zone, CClO concentration and the cell volume occupied by CC10 at this concentration were not statistically difirent between the two airway levels. This zone consisted mainly of reticular formations in clox association with the granules. Reticular formations found elsewhere within the nonciliated cells occupied the low-density CClO zone. The average CClO concentration in this zone was similv between non-ciliated cells of both airways; howevcr. the cell volume occupied by this zone was 50% greater in terminal bronchiolar non-ciliated cells than in bronchial nonciliated cells. Table 1 
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Table 2 presents a morphometric comparison of epithelial CClO abundance in each of the two airway levels. The total cell mass (measured as thickness) of the epithelium was roughly the same in both airway levels. On the other hand, the volume of non-ciliated cells per pm2 of epithelial basal lamina, as well as the percent volume of non-ciliated cells occupying the epithelium, was almost two times greater in bronchiolar airways than in bronchial airways. The cell volume occupied by each of the three CClO density zones per unit airway surface area, measured in pm3/pm2, was greater in terminal airways than in proximal airways. The most striking difference occurred in the high-density CClO zone, where the CClO volume per pm2 was more than six times greater in bronchiolar airways than in bronchial airways. The CC10 density per unit airway surface also exhibited a large difference between airways with regard to the high-density CClO zone. Measured as ng of CClO per mm2 of epithelial basal lamina, the intracellular storage of CC10 in bronchioles was almost seven times greater than in the bronchi. The other two zones in the bronchioles had two to three times more CClO stored per unit airway surface, but these differences were not statistically significant. Hence, the total concentration, or intracel-lular storage, of CClO in terminal bronchioles was found to be more than three times greater than in the proximal bronchi.
Discussion
We have applied the reflectance mode of the laser scanning confocal microscope to quantify concentration and abundance of a specific protein (Clara cell 10 KD protein) in subcellular compartments. Our approach is based on the quantitative principles of Chang et al. (24) , but uses a computer-assisted technique that measures the intensity of laser light reflected from immunoperoxidase-labeled CClO to estimate subcellular densities of the protein. This technique also permits determination of both the fraction of a cell's volume occupied by CC10-containing subcellular compartments and the total CClO density per mm2 of basal lamina at two airway levels.
A morphometric approach, such as that developed by Chang et al. (24) , depends on detecting antigens at the surface. In their case, this was obtained by using ultra-thin sections. One of the advantages of employing LSCM lies in its narrow focal plane, which Table 2 1.50 f 0.83 0.42 fr 0.22* limits information from above and below the surface of the section. Therefore, the focused beam reflects only off the true surface of the resin where the immune complex has formed. This property allows greater precision in quantlfying reflected light from the specimen (25, 26) . Although the resolution of this technique is not at the ultrastructural level, it can quantitate protein concentrations and abundances within major subcellular compartments. Internal standards of purified CC10 were prepared using techniques similar to those of Chang et al. (24) and served to quantify concentrations of CClO in subcellular compartments. Embedding various amounts of a purified antigen in 10% gelatin is an accepted technique for establishing a standard curve (24, 27) . Recent evidence by Robinson and Batten (26) suggested a one-to-one correlation between DAB immune-complex formation and reflectance from the LSCM. Our study confirmed this linear relationship for gelatinembedded CClO over a range of at least 0.10 to 1 mglml.
. Morphometnc companion of non-ciliated cells (NC) and CCIO distnhtion in terminal bronchioles ana' proximal bronchi (mean + SO)
Our results presume that the antigen CClO is equally accessible for detection by antibodies in non-ciliated cells at both airway levels. Differential penetration of antibody into cells in sections or variation in the modification of antigen by tissue processing are major concerns when a variation in antigen detection occurs between two cell types. The approach taken in this study attempts to minimize these problems by: (a) embedment in methacrylate, a resin that prevents penetration of antibodies into the section and permits reaction with antigen only at the cut surface; (b) inclusion of a purified antigen that is processed and embedded along with tissue being studied to monitor the impact of processing on antigen detection; and (c) comparisons of cells from different locations in the same tissue specimen to limit the variability in detectable antigen produced by processing at different times. Nevertheless, because the potential exists for some inherent variability in antigen detection, the values for CC10 concentrations and volumes should not be interpreted as "absolutely quantitative." However, the morphological approach presented here is probably the most quantitative method presently available at the light microscopic level.
The apical location and shape of the ovoid structures, or granules, in our study are consistent with reports that they are secretory granules (28, 29) . Recent findings also support our data that the secretory granules contain the highest density of CClO in any subcellular compartment of the non-ciliated cells (7,8) . The other CC10containing subcellular compartment is especially apparent in the low-density zone. The CClO in this zone was arranged in reticular formations that generally appear in the apical portions of the secretory cells, above the nucleus. The appearance and location of these formations, in conjunction with recent reports (8), indicate that this CClO is located in endoplasmic reticulum.
One of the aims of this study was to compare the distribution of CC10 in secretory cells in terminal and proximal intrapulmonary airways. Previous studies indicated that non-ciliated cells in the proximal bronchi also contain CC10 (11) . These cells, called serous cells in the rat, are thought to be a distinct cell type from terminal airway non-ciliated, or Clara, cells, based primarily on their ultrastructural differences (12) . A somewhat analogous situation occurs in human airways (30) . Although Clara cells in distal bronchioles and non-ciliated cells of the proximal bronchi are con-sidered different cell types in humans, they both contain the human equivalent of CC10. However, because the ultrastructural features and contents of cells can vary between species and between airway levels (31) , defining what characterizes a Clara cell often depends on the species being examined and the location within the tracheobronchial tree. In addition to the ultrastructural and morphological differences between Clara and serous cells in the rat (12) , differences in carbohydrate cytochemistry also exist between the two cell types (14) . Clara cells contain a fine, interrupted layer of periodic acid-thiocarbohydrazide-silver proteinate (PA-TCH-SP)positive material around the perimeter of the granules. Serous cell granules are also stained by the PA-TCH-SP method, but to variable degrees. Some have little or no reactivity for the stain, whereas others have thick, PA-TCH-SP-positive cortices and unstained cores.
Our study supports the contention that the non-ciliated cells in terminal and proximal airways are distinct cell types. As revealed by LSCM, the distribution of CC10 within the granules of proximal bronchial non-ciliated cells differed from that of the terminal bronchiolar non-ciliated cells with regard to net production and storage. Although the granules of most bronchial non-ciliated cells contained CC10, they were usually less dense than granules in bronchiolar cells. The bronchial cells were very similar in shape to cells described as serous cells by Jeffery and Reid (12) and Sauma (13) . Many of the cells did not have CC10 evenly distributed within their granules, but instead showed a bi-zonal distribution, with the greatest CClO density along the rim or cortex in a discontinuous fashion. In fact, the pattern of staining was not unlike the PA-TCH-SP staining patterns observed in serous cell granules (1428). This prominent bi-zonal distribution was rare in granules of terminal bronchiolar non-ciliated cells. CC10 in bronchiolar nonciliated cells were more evenly distributed within the granules, with many taking on a slightly mottled appearance.
There exist conflicting reports as to whether Clara cells are found in the proximal bronchi of rats. Jeffery and Reid (12) found them extending all the way to the hilum, whereas Sauma (13) did not find these cells more than a few generations proximal to the terminal bronchiole. If classification were based solely on the staining pattern, concentration, and abundance of CC10 in granules, we observed some non-ciliated cells of the proximal bronchi that could be classified as bronchiolar non-ciliated cells. Our LSCM and brightfield images of the methacrylate-embedded sections were insufficient to determine whether the endoplasmic reticulum in our specimens was granular or agranular. However, on the basis of the results of Jeffery and Reid (U), it is probably safe to say that nearly all low-density zone CClO is located in AER of bronchiolar non-ciliated cells and in GER of bronchial non-ciliated cells.
It should be noted that even though the non-ciliated cells in the two airways appear to have functional and ultrastructural differences, these differences do not as yet preclude them from being the same cell type. For example, goblet cells of the macaque monkey have different functional roles depending on their location within the tracheobronchial tree (16) . In the trachea, acidic glycoproteins predominate in the epithelial goblet cells whereas neutral glycoproteins predominate in the submucosal gland goblet cells. Despite this difference, goblet cells at both locations are considered to be the same cell type. A similar analogy could be drawn for rat non-ciliated secretory cells. A difference in the abundance and distribution of various proteins depending on airway level does not preclude these cells from being the same type.
Quantification of the high-density CClO zone, which consisted almost entirely of granules, confirmed the above observation that significantly greater intracellular storage of CClO in granules exists in terminal airway non-ciliated cells than in proximal airway nonciliated cells. The high-density zone cell volume correlated well with the number of granules per cell profile, even though these values do not take granule size into account. This finding suggests that granule size between the two putative cell types is not a significant factor. As mentioned earlier, CClO was not always evenly distributed in the granules of proximal bronchial non-ciliated cells. For many of these cells, CClO density in portions of their granules was in the medium-to-low density zone or even nonexistent. Therefore, the actual volume of granules per cell profile may be greater than indicated by the high-density CClO zone.
The statistically greater cell volume of low-density zone CClO in bronchiolar non-ciliated cells could be attributed to the large amount of endoplasmic reticulum in the apical domes, which have not always been observed in proximal bronchial non-ciliated cells.
The nuclear rim, or envelope, also contained low-density zone CC10.
The distinct outline of this cell feature under the LSCM indicates the presence of CClO in what is almost certainly GER. That the outside wall of the nuclear envelope and the GER, which is closely associated with the nuclear envelope, contain protein-producing ribosomes may account for the presence of CC10 (32) .
Our determination of the amount of CClO per unit surface area of epithelium indicated that the greatest amount of stored CClO exists in terminal airway epithelium. This observation demonstrates that the major source of CClO is the bronchioles. However, the existence of CClO outside the cells is also important. The presence of a CC10-positive layer over bronchiolar as well as bronchial epithelium has been illustrated by Manabe et al. (33) . It has also been demonstrated that the mucous layer lining the bronchioles is relatively thin compared with that of the bronchi (34) (35) (36) . Therefore, although cell content and net production of CClO are greatest in bronchioles, most of the extracellular CClO appears to end up in the bronchi. This extracellular CClO could be responsible for downregulation of CC10 net production in the non-ciliated cells of larger airways. It is conceivable that CC10 is concentrated in the mucociliary layer of the bronchi, as mucus is moved proximally by ciliary action from the many bronchioles where the bulk of the CClO originated. Subsequently, the significantly lower granule concentration and abundance of CClO in bronchial non-ciliated cells may not be an inherent quality of the cells themselves.
The known functions of CC10 remain obscure, but two possibilities fit our present understanding. First, CC10 may act as an anti-inflammatory/immunosuppressive agent. This function is inferred in part from the observations that CC10 is similar to uteroglobin (37, 38) . Various studies have found that uteroglobin inhibits phospholipase A2 (39) , thrombin-induced platelet aggregation (40) , and chemotaxis and phagocytosis by monocytes and neutrophils in vitro (41) . However, not all studies agree on specific aspects of the reported functions for CClO and uteroglobin (42, 43) . Nevertheless, the presence of CClO in the mucociliary layer is not inconsistent with an anti-inflammatory function. Furthermore, recent reports on the biphasic response to ozone-induced injury in the primate lung may have some connection to CClO's ability to act as an anti-inflammatory agent (23) . The timing of epithelial injury and repair after ozone exposure differed by airway generation, occurring earlier in the trachea and bronchioles than in the bronchi. The high concentration of CClO in the mucus may account for the delay in bronchial injury. Moreover, it can be argued that the bronchioles and trachea are more easily injured because of lower concentrations of CC10 in the scant bronchiolar mucous layer and low abundance of the protein itselfin tracheal non-ciliated cells (8).
Second, CClo may act to bind progesterone-like steroid hormones (44, 45) . More important, CClO may bind native or inhaled xenobiotic molecules that come into contact with the lung. As an example, naphthalene and its metabolites are bound by CC10, transported in the mucociliary tract, and presumably removed, thus preventing cytotoxicity in the tracheobronchial tree. In this regard, it has been found that the extent of naphthalene-induced epithelial cell injury in rats varies with location in the respiratory system (46) . The olfactory epithelium in the nasal cavity is quite susceptible to naphthalene-induced injury, whereas the rest of the tracheobronchial tree is relatively resistant, particularly in regions known to contain measurable quantities of CC10. The tremendous capacity of CC10 to bind man-made polychlorinated biphenyls has already been examined; in fact, such tenacious binding may help to concentrate PCBs in the lung and lead to respiratory illnesses (17, 47, 48) .
Immunocytochemical quantification, utilizing the LSCM, provides a unique combination of morphometry, stereology, and densitometry that can be applied to intracellular pools of specific proteins and enzymes in intact cell structures. Our data indicate that non-ciliated cells in both proximal and terminal airways contain CC10. However, the bronchial non-ciliated cells' columnar appearance and the storage pattern of CClO in granules suggest that they are a cell type distinct from terminal bronchiolar non-ciliated cells. Therefore, CClO may not be a specific marker for bronchiole-type non-ciliated cells in rats. Our quantitative data demonstrate that the net production, storage, and release of CC10 are greater in terminal bronchiolar non-ciliated cells than in non-ciliated cells of the proximal intrapulmonary bronchi. Evidence supporting this finding included a greater volume and higher concentration of CC10 in granules. In addition, the amount of labeled endoplasmic reticulum was also greater in bronchiolar non-ciliated cells. However, as stated earlier, functional differences in protein abundance and distribution may not be sufficient to demonstrate that the nonciliated cells in the two airway levels are distinct cell types. Whether this heterogeneity represents distinct cell types or merely different biological cycles for a single cell type is not known. Another factor that must be considered is the effect of extracellular CC10 in the mucociliary layer on the bronchial non-ciliated cells. This extracellular CClO could cause downregulation of the net production and storage of CClO in proximal bronchial non-ciliated cells. We are presently quantifying changes in CClO abundance after toxic insult or pharmacological intervention. CClO could provide a vital marker for lung secretory-cell viability, function, and tolerance under toxicological and pharmacological conditions. The potential exists to apply the LSCM technique in quantifying subcellular compartments for any number of proteins and enzymes; the only limiting condition is the availability of an antibody directed against the antigen of interest.
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